Abstract: Quantitative structure-property relationship (QSPR) modeling is a powerful approach for predicting environmental behavior of organic pollutants with their structure descriptors. This study reports an optimal QSPR model for estimating logarithmic n-octanol/water partition coefficients (log K OW ) of polycyclic aromatic hydrocarbons (PAHs). Quantum chemical descriptors computed with density functional theory at B3LYP/6-31G(d) level and partial least squares (PLS) analysis with optimizing procedure were used for generating QSPR models for log K OW of PAHs. The squared correlation coefficient (R 2 ) of the optimal model was 0.990, and the results of crossvalidation test (Q 2 cum =0.976) showed this optimal model had high fitting precision and good predictability. The log K OW values predicted by the optimal model are very close to those observed. The PLS analysis indicated that PAHs with larger electronic spatial extent and lower total energy values tend to be more hydrophobic and lipophilic.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) constitute a large and diverse class of organic compounds consisting of two or more fused aromatic rings in various structural configurations generated from both natural and anthropogenic processes [1, 2] . The low water solubility of PAHs result in high persistence of these chemicals at contaminated sites. They have been detected in the atmosphere, water, soil, sediment and food [3] [4] [5] [6] [7] .
The environmental fate of PAHs has become a major issue in recent years [8, 9] , since many PAHs such as benzo [a] pyrene, chrysene and benz [a] anthracene are mutagens and carcinogens [10] and are considered to be primary pollutants by many countries. Understanding the distribution of PAHs among environmental phases is crucial to their risk assessments and remediation of contaminated sites. It is well established that the fate of PAHs in the environment is primarily controlled by their physicochemical properties [11] , such as the n-octanol/water partition coefficients (K OW ), which estimates the solubility in both aqueous and organic phases (in general n-octanol is used). By the definition, K OW is inversely proportional to aqueous solubility.
When K OW >1, compounds are lipophilic or hydrophobic, and hydrophilic while K OW <1 [12] . Since values of K OW may vary by several orders of magnitude, it is usually expressed in the logarithmic form.
The K OW may significantly influence the chemical and biological transformation or degradation of chemicals, so it is essential for understanding the transport mechanism and distribution of compounds into the environment, for example, the mechanism that involves drug absorption by transport through a biological membrane, or the process involving the deposition of a pollutant into bodies of water [13] . Thus the measurement or accurate estimation of K OW is of critical importance for evaluating the fate and potential exposure of chemicals in the environment, and consequently, for the whole process of environmental risk assessment. In general, compounds with higher values of K OW tend to be less mobile than those with lower values in soil-water systems [14] . However, the accurate determination of K OW may be difficult and expensive in terms of cost and time, or even impossible for some compounds, which might not have been synthesized or purified. Also experimental errors may be introduced, especially for those congeners difficult to be separated and identified by chromatography. Moreover, it is impractical to measure K OW of all PAHs directly in the laboratory because there are so many PAHs that have been found in the environment.
The lack of complete, reliable and comparable data has led to the development of different K OW estimation methods. With the advent of inexpensive and rapid computation, there has been a remarkable growth in the area of quantitative structure-property relationships (QSPR), which correlate the properties of pollutants with relevant properties and molecular descriptors [15] . A large number of calculation methods have been presently developed for estimation of the partition coefficients with varying success and applicability. According to the descriptors used, these methods can be classified into two groups: empirical and theoretical methods [16] . Chu and Chan [17] reported the relationships between soil sorption coefficients (K OC ), water solubility (S), and K OW of a diverse collection of pollutants, use whole word not abbreviation aliphatics, aromatics, pesticides, herbicides and PAHs. Such property correlations are designed to estimate properties of environmental interest from other known physicochemical properties which work reasonably well. It is however limited by the unavailability of the latter properties for the majority of chemicals of environmental concern [18] . Various studies have shown that parameters such as n-octanol/ air partition coefficients (K OA ), S, K OW and K OC are correlated to some molecular descriptors, which can be calculated directly just from chemical structures without the input of any other experimental data [13, 16, [19] [20] [21] [22] [23] [24] [25] [26] . Predictive models based on non-experimental molecular descriptors can provide cost effective and rapid estimates of partitioning behavior of contaminants. Topological, geometrical and quantum chemical indexes comprise a set of descriptors, which were useful in the prediction of properties of structurally similar molecules [27] [28] [29] [30] . Basak and Mills [31] developed predictive models solely on topological and geometrical descriptors for S, K OW and K OC of 136 chemicals including 19 PAHs.
Quantum chemical descriptors can be easily obtained by computation to clearly describe specific molecular properties for structurally related compounds, and can also provide insight into the environmental behavior of chemicals not yet synthesized or those that cannot be examined experimentally due to their extremely hazardous nature. Hence, the development of QSPR models in which quantum chemical descriptors are used is of great importance [32, 33] . Rapid advancement of modern computational capability and development of fast algorithms allow the high precision method to be expeditiously applied in current QSPR studies [16, 25, 26, [34] [35] [36] [37] [38] , several of which are about partitioning properties of environmental pollutants [16, 25, 26] . Modern theoretical method in quantum chemistry with high calculation precision was proved having its advantages in estimating properties of environmental concern [16, 35] . However, few QSPR studies on partitioning behavior of PAHs using quantum chemical descriptors have appeared so far.
The aim of this work is to develop a new reliable and predictive QSPR model for log K OW of PAHs using partial least squares (PLS) analysis with optimizing procedure, based on reported K OW and/or log K OW data and quantum chemical descriptors computed by density functional theory (DFT) contained in Gaussian 03 [39] .
Materials and Methods

Target PAHs
A total of 24 PAHs containing 2 to7 fused rings, whose K OW and/or log K OW data were previously published [14, 17, 40] , were chosen to constitute the training and test set in this work. The training set consists of 18 of these 24 PAHs selected randomly, and the rest of the 6 PAHs constitute the test set. Their chemical abstracts service numbers (CAS No.) and reported log K OW are listed in Table 1 and molecular structures are given in Fig. 1 . The compound numbers in Figure 1 correspond to those in Table 1 . As shown in Fig. 1 , the training set of this work consists of non-substituted five-and six-membered ring PAHs, as well as, alkyl-substituted PAHs. 
Calculation and selection of descriptors
The molecular modeling system HyperChem (Release 7.0, Hypercube Inc. 2002) was used to construct and view all molecular structures. Molecular geometry was optimized and quantum chemical descriptors were computed using the B3LYP hybrid functional of DFT in conjunction with 6-31G(d), a split-valence basis set with polarization function [41, 42] . The B3LYP calculations were performed using the quantum chemical computation software Gaussian 03 [39] . All calculations were run on an Intel Pentium D/2.66 GHz computer equipped with 1024 megabytes of internal memory and Microsoft Windows XP professional operating system. According to the chemometrics theory, it is suggested that a QSPR model should include as many relevant descriptors as possible to increase the probability of a good characterization for a class of compounds [43] . In this study, 11 independent variables including 8 quantum chemical descriptors were selected for developing QSPR models. The 8 descriptors cover the eigenvalue of the highest occupied molecular orbital (E HOMO ), the eigenvalue of the lowest unoccupied molecular orbital (E LUMO ), molecular total energy (TE), dipole moment (µ), the most negative Mulliken atomic charges on a carbon atom (Q C -), the most positive Mulliken atomic charges on a hydrogen atom (Q H + ), the largest bond length between two carbon atoms (L CC ), and the electronic spatial extent (R e ). All the above descriptors were obtained directly in the output files of Gaussian 03 calculation through a single full optimizing process for the molecular structure: B3LYP/6-31G(d) FOPT. The values of these quantum chemical descriptors are listed in Table 2 . The units of energy, dipole moment, atomic charge, bond length and extent are: hartree, debye, atomic charge unit, angstrom and atom unit, respectively. In addition, 3 combinations of frontier molecular orbital eigenvalues, E LUMO -E HOMO , (E LUMO -E HOMO ) 2 and E LUMO +E HOMO were also selected as independent variables. E LUMO -E HOMO and E LUMO +E HOMO can be related to PAH absolute hardness and electronegativity, respectively [44] . E LUMO -E HOMO and (E LUMO -E HOMO ) 2 were proven to be significant in QSAR studies on photoinduced toxicity of PAHs and QSPR studies on direct photolysis rate constants of PAHs [45, 46] . And E LUMO +E HOMO was shown to be significant in direct photolysis quantum yield QSPRs studies of substituted aromatic halides [47] .
Modeling method and evaluation indexes
Since a large number of descriptors were selected in this study, intercorrelation of independent variables (multicollinearity) might become a technical problem. To overcome this problem, the PLS regression, a methodology that makes use of all available descriptors as opposed to subset regression and is useful when the descriptors are strongly collinear [43] , was used. PLS could find the relationship between a matrix Y (containing dependent variables, often only one for QSPR studies) and a matrix X (containing predictor variables) by reducing the dimension of the matrices while concurrently maximizing the relationship between them [48] .
SIMCA-P (Version 10.5, Umetrics AB, 2004) software was employed to perform the PLS analysis. The default values given by the software were used as the initial conditions for computation. According to the user's guide to SIMCA-P [49] , the criterion used to determine the model dimensionality, ie, the number of significant PLS components (h), is 7-fold cross validation (CV). With CV, observations are excluded from the model; the response values for the excluded observations are ) are computed using the following equations:
(2) where PRESS is the prediction error sum of squares when the observations were excluded, and SS is the residual sum of squares of the previous component. The tested PLS component is thought significant if Q 2 is larger than a significance limit (0.0975) for the whole data set. The model is thought to have a good predictability when Q 2 cum is larger than 0.5 [49] . Model adequacy was assessed based primarily on h, Q 2 cum , the squared correlation coefficient between observed values and fitted values (R 2 ), the standard error of the estimate (SE), the variance ratio (F), and the significance level (p).
Results and Discussion
Modeling and optimizing
For the 18 PAHs contained in the training set, PLS analysis was performed with log K OW as the dependent variable and the 11 independent variables as the predictor variables, yielding QSPR model I. For Table 3 . As shown in the table, 3 PLS principal components were selected in the optimal model, which explained 88.5% of the variance of the predictor variables and 99.0% of the variance of the dependent variable. Based on the estimate indexes employed in this study, this optimal model is statistically significant.
Analysis and Discussion
The predicted log K OW calculated from the optimal model for the 18 PAHs contained in the training set were listed in Table 1 and the comparison of observed and predicted log K OW was shown in Fig. 2 . The observed log K OW values are close to those predicted by the optimal model and the correlation between observed and predicted log K OW is significant. For the PAHs under study, the differences between observed and predicted log K OW value (=0.976) of the optimal model is not only remarkably larger than 0.500, but also larger than that of model I without optimizing; thus this optimal model is stable and is a good predictor of K OW for PAHs.
When X and Y are unscaled and uncentered, the unscaled coefficients of the independent variables and constant transformed from the PLS results are listed in Table 4 . From the positive or negative signs of the coefficients of the independent variables, one can evaluate the effect of each independent variable on the K OW of PAHs. Based on the unscaled coefficients, a QSPR equation like that obtained from multiple linear regressions can be created for the optimal model and predicted K OW for other PAHs can be calculated. Based on model II, predictions of K OW for the 6 PAHs containing in the test set were generated and listed in Table 1 and the comparison of observed and predicted log K OW was shown in Fig. 2 . The squared correlation coefficient between observed and predicted log K OW in the test set was as high as 0.976, close to that in the training set. As can be seen in Table 1 and Fig. 2 , the predicted log K OW values for the test set are very close to those observed. This indicated that the optimal model has stable and good predictability.
The VIP values for the optimal model were calculated and listed in Table 4 . We can find that the VIP values of R e , TE, and E LUMO are all greater than 1.0, indicating they are important in governing the K OW values of PAHs. In addition, the VIP values of E LUMO -E HOMO and (E LUMO -E HOMO ) 2 are very close to 1.0. R e and TE are the two most important variables since their VIP values are larger than 1.50, which is greater than the VIP values of the other variables. As shown in Table 5 , the absolute value of correlation coefficient between R e and TE is as high as 0.976, and E LUMO , E LUMO -E HOMO and (E LUMO -E HOMO ) 2 are highly intercorrelated for the PAHs under study, while the correlations between the former two variables and the latter three variables are inconspicuous. Thus these five variables can be divided into two groups by their cross-correlations.
It is expected that log K OW increases with the increasing of molecular size. Considering the examples illustrated previously (see structures in Fig. 1 ): naphthalene (log K OW =3.37, molecular weight (MW)=128.18), anthracene (log K OW =4.54, MW=178.24) and naphthacene (log K OW =5.90, MW=228.30), which differ among themselves by the number of fused rings arranged linearly, the increase in log K OW as a function of the number of rings and molecular sizes is clearly seen. When isomers share the same molecular weight, molecular sizes differ from the arrangements of atoms, which can be expressed by molecular volume and surface area, leading to the difference in log K OW . For example, chrysene (log K OW =5.86), benz[a]anthracene (log K OW =5.91), triphenylene (log K OW =5.49) and naphthacene (log K OW =5.90) are isomers (MW=228.30, structures shown in Fig. 1 ), but they have different n-octanol/water partition coefficients.
The variety of molecular size could be described by the quantum chemical descriptors of R e and TE in this work. Firstly, R e is the expectation value of the operator ρ in the formula of ∫r 2 ρ(r)d 3 r. It is occasionally seen in the literature as a measure of molecular volume. Although in many cases R e correlates poorly with molecular volume, the correlation for PAHs sharing similar structures is quite significant. A PAH molecule with large electronic spatial extent will have large molecular volume [30] . Secondly, for the whole compounds set in this study, the decrease of TE values indicates more carbon and hydrogen atoms containing in the molecule, which might lead to the increase of molecular volume. Lu et al. [30] found that TE correlated with molecular volume Table 4 , the coefficient sign of R e and TE are positive and negative, respectively. This implies that the increase of the R e value and the decrease of the TE value lead to an increase in log K OW value. So it can be concluded that PAHs molecules with larger electronic spatial extent and lower molecular total energy values tend to be more hydrophobic and lipophilic, leading to larger log K OW values.
The gap between E LUMO and E HOMO , E LUMO -E HOMO , which defines the energy necessary to excite an electron from the highest occupied and the lowest unoccupied molecular orbital, turned out to be a useful descriptor [12] . E LUMO -E HOMO is related to absolute hardness [53] , defined as half the absolute value of E LUMO -E HOMO , which is regarded as a measure of energy stabilization in chemical systems: Chemical structures tend to be more stable at large values of the E LUMO -E HOMO gap [54] . As can be seen in Table 4 , E LUMO , E LUMO -E HOMO and (E LUMO -E HOMO ) 2 are shown to be significant besides R e and TE in this study and all of their coefficient signs are negative. As E LUMO is always larger than E HOMO (Table 2) , so the value of E LUMO -E HOMO is positive and the (E LUMO -E HOMO ) 2 value decreases along with the decrease of E LUMO -E HOMO value. Thus the decrease of E LUMO and E LUMO -E HOMO values leads to the increase in log K OW values.
Comparison with the results from other models
So far as in the literatures, there have been several QSPR studies on log K OW of PAHs (e.g. ref. [12, 13, 31] ). The best squared correlation coefficient of the QSPR model for log K OW of PAHs developed solely on calculated descriptors (molecular weight and volume) was 0.976, less than that of the optimal model in the present study obtained solely on quantum chemical descriptors. In addition, only non-substituted PAHs containing 2~7 fused rings with five and six carbon atoms were included in that work [13] . The highest R checked in literature is 0.996, generated from PLS analysis on 5 combinatorial descriptors including electron affinity, edge-connectivity, surface area, enthalpy of formation and retention index for a data set only consisting of six-membered ring PAHs [12] . It seems superior to the optimal model in this study. However, as stated earlier, such models based on known physicochemical properties were of limited applicability. Therefore, our optimal model based only on quantum chemical descriptors has wider applicability than those based on known physicochemical properties and/or topological descriptors. This work demonstrated again that modern high precision quantum chemical method can be an effective means in QSPR study of environmental contaminants, and a series of similar study in our laboratory is under way. The overall high quality of the obtained optimal model in this study indicates that it will find application in the estimation of n-octanol/water partition coefficients of PAHs having no known experimental values.
Conclusions
In this study, based on some quantum chemical descriptors computed by DFT at the B3LYP/6-31G(d) level, by the use of PLS analysis, QSPR models were obtained for logarithmic n-octanol/water partition coefficients of PAHs. The squared correlation coefficient of the optimal model is 0.990. The optimal model has high fitting precision and good predictability, so it can be applied in the estimation of the n-octanol/water partition behavior of PAHs. It can generally be concluded that PAHs with larger electronic spatial extent and lower molecular total energy values tend to be more hydrophobic and lipophilic. 
